Vapor analytes of methanol and ammonia are quantitatively generated separately and as mixtures in the presence of water vapor. Generation of these analytes relies on the vapor liquid equilibria properties of associated aqueous solutions for delivering targeted vapor amounts into an equilibrium vapor cell. Gravimetric solution preparation and maintaining a constant solution temperature permits control of the analyte amount that is delivered to the optical equilibrium vapor cell. A laboratory Fourier transform infrared spectrometer examines the fixed path length optical cell contents. This examination furnishes vapor-phase infrared absorbances for analyte mixtures in the Beer's Law concentration range. Literature vapor liquid equilibrium data and infrared absorbance measurements show that the methanol/ammonia binary components of the ternary aqueous solutions of this study exhibit ideal solution behavior.
Introduction
Previously, ethanol/ammonia/water ternary solutions have been shown to generate specific vapor concentrations necessary for evaluation of infrared (IR) sensors.1 This paper extends that previous work. Methanol/ammonia/water ternary solutions allow production of targeted vapor concentrations for methanol and ammonia mixtures in an optical cell. Targeted vapor concentrations permit evaluation of a variety of IR sensor configurations including both airborne2 and ground based3'4'5 that have applications relevant to homeland defense. Assessing the influence of accuracy and precision on the individual lR sensor performance requires the ability to generate vapor challenges with quantitative amounts of target materials. Sensitivity of an lR sensor is the limit of detection (LOD). This emphasizes the importance of generating vapor concentrations below as well as above the LOD. On the other hand, selectivity defines the sensor's ability to discriminate or distinguish between different target analytes. Thus, generation of vapor mixtures with spectral overlap furnishes a means of revealing the sensor's discrimination capability. Evaluating both sensitivity and selectivity of an IR sensor provides a realistic measurement of the false and missed detection rates.
This study expands previous work1 with the anafyte generation of combinations of both methanol and ammonia. Production of these analytes relies on gravimetric solution preparation. Generation of the analyte vapor uses the prepared solution with the equilibrium vapor cell (EVC) method.6 Binary solutions of methanol/water or ammonia/water permit the production of either methanol or ammonia, whereas ternary solutions of methanol/ammonia/water allow generation of methanol and ammonia vapor mixtures. With the closed loop circulation of air through these aqueous solutions, vapor analytes are introduced into the IR optical cell in the presence of water vapor. Water vapor presence is an important consideration for open-path monitoring applications. The vapor liquid equilibrium (VLE) properties of the methanol/ammonia/water solutions permits assessment of the target vapor present by using the Wilson equation to determine the analyte solute activity coefficient.6'7'8'9 VLE data exists for the methanol/ammonia/water system. This data10'11 is necessary for computation of the methanol/ammonia interaction parameters. In addition, measurements results of this study compare well with the previous methanol/water system EVC results for the C-H stretch region (i.e., near 3000 cm1). Previous ammonia/water system results1'12 also show good agreement with those of this study. This study supplies details of ternary solution preparation, IR spectral analysis, and determination of solution partial pressures for vapors of methanol, ammonia, and mixtures. The vapor mixture results for ternary solutions are examined and compared to those of individual analytes that are generated from binary solutions.
Experimental Methods

Equilibrium Vapor Cell
This study uses a laboratory FT-IR spectrometer (Model M2004, Serial Number 514, Midac Corporation, Costa Mesa CA) for determination of IR absorbances of various vapor mixtures. This spectrometer possesses a detector with a wide-band spectral response from 400-4000 cm1. The gas cell is a modified demountable flow-through short-path cell (Model 7200, Buck Scientific, East Norwalk CT) with a path length of about 9 cm. This IR optical cell uses zinc selenide windows. The diaphragm pump (Model 81-012, Universal Electric Company, Owosso Ml) circulates an air/vapor mixture through the bubbler that contains about 125 mL of solution. Thermally equilibrating the bubbler solutions at 22°C holds the solution vapor pressures constant. A constant temperature bath (Model RTE-1 I I , Neslab Instruments, Newington NH) supplies thermal equilibration of solutions in the bubbler. EVC setup documentation elsewhere contains additional details.1'6'12'13 The MDGRAMS data collection program allows acquisition of interferograms with 0.5 cm1 spectral point spacing. Eight times zero filling of interferograms occurs before transformation into single beam spectra. These singlebeam spectra are subsequently converted into absorbance spectra. Zero filling of the interlerograms does not allow any additional spectral resolution in the single-beam spectra. However, zero filling does furnish the best statistical means of interpolating between sampled points across the entire spectrum.14 This interpolation permits a better determination of IR band areas.
Aqueous Solution Preparation
Documented in detail elsewhere6'12'13 is the preparation method for binary aqueous solutions of methanol/water and ammonia/water. Preparation of ternary The ternary solution preparation proceeds in two steps. First, the methanol/water binary solutions are generated.6'13 Second, bubbling ammonia through a pipette into the methanol/water binary solutions produces the methanol/ammonia/water ternary solutions. The top loading analytical balance measures the ammonia weight uptake. Table I tabulates the compositional weights of the ternary solutions. The letter "M" for methanol designates the rows in Table I . A number subscript ranging from I to 5 follows each letter "M". The lowest methanol weights are in the M1 row, whereas the highest methanol weights are in the M5 row. Each row represents a nearly constant amount of methanol with varying amounts of ammonia. The letter "N" for ammonia designates columns in Table I . A number subscript ranging from 0 to 4 follows each letter "N". The lowest ammonia weights are in the N0 column, whereas the highest ammonia weights are in the N4 column. Each column represents a nearly constant amount of ammonia with varying amounts of methanol. The first column with a subscript of zero indicates no ammonia in solution. Subsequent tables using these ternary solutions rely on this naming convention. Each entry of Table I consists of three component weights of water, methanol, and ammonia. These component weights allow computation of the percent liquid mole fractions, X, for both methanol and ammonia. Table 2 displays the computed percent liquid mole fractions. The liquid mole fractions increase from the upper left most entry to the lower right most entry in Table 2 . The first entry of each element in the five by five matrix of Table 2 is the methanol percent liquid mole fraction, whereas the second entry separated by a "1' is the ammonia percent mole liquid fraction.
Vapor Pressure
Binary Solutions
VLE data for the binary solutions of both methanol/water and ammonia/water exist in the literature.6'7 This VLE data furnishes sufficient information to permit computation of both methanol and ammonia vapor pressures over aqueous solutions. For the methanol/water system, consideration of the temperature dependence of the Wilson coefficients (i.e., W or W) is not necessary, whereas for the ammonia/water system, the Wilson coefficients exhibit a strong temperature dependence. In P° = (in 10) (A -B/[t ÷ C]) (3) The temperature, t, of equation 3 is in units of Celsius. The Antoine coefficients A, B1, and C1 are available from the literature for the ith solution component. Table 3 lists the literature Antoine coefficients for the components of methanol, water, and ammonia.
Ternary Solutions
The Wilson model's advantage is that the equation for three (i, J k) components requires only additional pair-wise coefficients (i.e., Wjk, Wjk, Wkl, Wkj). The three component equation of Orye and Prausnitz15 uses these pair-wise coefficients. However, determination of the pair-wise coefficients demands the use of the associated binary VLE data. For the methanol/ammonia/water system, limited methanol/ammonia VLE data exist.10'11 This available literature VLE data permits the evaluation of the Wilson coefficients associated with the methanol/ammonia interactions.8 The criterion for the Wilson coefficient evaluation relies on minimizing one of two objective functions:
(1) the average deviation in the vapor mole fraction (i.e., ad(Y2))8 or (2) the square of the residual ofthe excess free energy (i.e., r).6 Only one ofthe data sets, namely Inomato et al.1° at 40°C, possesses a minimum for these objective functions. Table 4 lists the W12 and W21 values which are computed with the two objective functions. The Wilson coefficient value using the ad(Y2) objective function appears first in Table 4 and the Wilson coefficient value using the r objective function follows in parenthesis. For ideal solution behavior between the methanol and ammonia components, these values are unity. A unity value of the Wilson coefficient results in a logarithm of the activity coefficient that reduces to zero. The corresponding activity coefficient is unity. With an activity of one, equation 2 is an expression of Rauolt's Law. In this study, the objective function values are available for comparison with the ideal solution behavior value of one. Table 4 lists the remaining Wilson coefficients as a three by three matrix. The component designations in Table 4 are MeOH methanol, NH3 ammonia, and H20 water. The Wilson coefficients of Table 4 and the associated component percent liquid  mole fractions of Table 2 allow computation of the methanol and ammonia activities with equation 1 . Equations 2 and 3 with inputs of component activity, pure component vapor pressure (see Table 3 ), temperature, and component liquid mole fraction permit the determination of both the methanol and ammonia component partial vapor pressure. Table 5 tabulates the partial vapor pressures above the ternary solutions in units of Torr. The five by five matrix of Table 5 uses the same naming convention as Table 2 . The first entry of each element lists the methanol partial vapor pressure, whereas the second entry of each element separated by a "1' designates the ammonia partial vapor pressure. The N0 column of Table 5 contains only the methanol vapor pressure (i.e., zero ammonia partial pressure), whereas the remaining columns contain both methanol and ammonia partial vapor pressures. The water vapor component is not listed, because it does not exhibit an lR signature in the spectral regions of interest. 
Methanol
IR absorbance measurements for binary methanol/water solutions in this study use 0.5 cm1 spectral point spacing. These more recent measurements compare well to previous EVC data sets obtained at a lower 2 cm1 spectral point spacing.6 The comparison of these two different data sets uses IR band integration to remove effects of differing spectral resolutions. The IR absorbances and methanol vapor pressures of the previous EVC study allow computation of the absorptivity as a function of wavenumber over the 2500-3400 cm1 spectral range. Figure 2a displays the computed absorptivity spectrum. The top portion of column one of Table 6 lists the methanol vapor pressures that were computed for the previous EVC lR absorbance study. The lower portion of column one of Table 6 tabulates the vapor pressures for the methanol/water system of the current study in italic font (see N0 column of Table 5 ) . Column two of Table 6 presents the integrated lR absorbance values. The integration is over the 2728-3112 cm1 spectral region. Column three of Table 6 contains the least squares fit for each integrated absorbance. This least squares fit uses the entire range of EVC data in the top portion of Table 6 . Column four of Table 6 displays the residuals (i.e., difference between measured and calculated integrated areas). The bottom portion of Table 6 displays the least squares summary. Figure 2b compares the integrated absorbances of this study to the previous EVC data6 over the pressure range from 4 to 20 Torr. The solid boxes in Figure 2b represent the EVC measurements and the solid circles show the methanol/water measurements from this study. The solid line in Figure 2b is the least squares line over the 4 to 20 Torr pressure range using both the previous EVC data and methanol/water data of this study. The open circles in Figure 2b are ternary solution results to be discussed in the section 4.3.
Figures 3a and 3b display the IR methanol absorbance spectra that are used in the computations discussed in the previous paragraph. Figure 3a shows the methanol IR absorbance spectra that are used for the calculated integrated absorbance values in Table 6 . Figure 3b represents the more recent lR absorbance spectra, whose integrated Figure 2b . The combination of IR absorbance values, vapor pressures, and cell path length permits the computation of methanol absorptivity spectrum. Figure 2a displays the methanol absorptivity spectrum. This methanol absorptivity spectrum in Figure 2a possesses a maximum about six times smaller than the maximum of the ammonia absorptivity spectrum in Figure 1 a.
Methanol/Ammonia Mixtures
Spectral regions of 2728-3112 cm1 for methanol and 862-900 cm1for ammonia avoid spectral overlap between the methanol and ammonia spectral signatures. Lack of spectral overlap allows a straighiforward univariant analysis of the methanol/ammonia mixtures. Table 7 lists the IR integrated absorbance values for the methanol/ammonia mixtures for these isolated spectral regions. Before considering all element values in Tables 5 and 7 , representative values in row M3 and column N2 of these tables are considered.
Row M3 of Tables 5 and 7 is examined. Figure 4a plots the longwave infrared (LWIR) absorbance spectra that are associated with M3 row in Table 7 . For the M3 row, the methanol absorbance areas yield an average and average deviation of 24.30 and 0.52, respectively. These numbers reflect only about a 2% variation in the methanol M3 row absorbance areas. For the M3 row of Table 5 , the methanol vapor pressures in Torr yield an average and average deviation of I I .93 and 0.14, respectively. These numbers show about a I % variation in the methanol M3 row vapor pressures. Thus, the methanol LWIR signatures in Figures 4a and 4b do not vary and are essentially equal. However, the LWIR ammonia absorbance areas of the M3 row do vary. The ammonia absorbances and vapor pressures increase monotonically from left to right in row M3 of Tables 7 and 5 , respectively. Figure 4b emphasizes the ammonia absorbance variation and nearly constant methanol absorbance by plotting mixture spectra for the 900-1000 cm1 spectral region. This spectral region contains the major v2 bands for ammonia. The methanol signature clearly overlaps one of the ammonia v2 bands that is located near 965 cm1. In addition, the edge of methanol P-branch overlapping the ammonia v2 band shows effectively no variation. Figure 5 plots the midwave infrared (MWIR) absorbance spectra associated with the integrated M3 row values of Table 7 . As expected, the MWIR absorbance spectra for the 2728-31 1 2 cm1 spectral region of Figure 5a (i.e., C-H methanol stretch band) show essentially no variation. However, the ammonia N-H stretch band near 3330 cm1 in Figure 5b shows significant variation that depends upon the M3 row ammonia partial pressures in Table 5 . The weakness of this N-H stretch band precludes usage in the subsequent spectral analysis.
Column N2 of Tables 5 and 7 is considered. Figure 6a plots the LWIR absorbance spectra that are associated with the N2 column of Table 7 . Figures 6a and  6b use the same abscissa scales as Figures 4a and 4b , respectively. For the N2 column of Table 7 , the ammonia absorbance areas yield an average and average deviation of 0.605 and 0.026, respectively. These numbers represent about a 4% variation in the ammonia N2 column absorbance areas. For the N2 column of Table 5 , the ammonia vapor pressures in Torr produce an average and average deviation of 3.87 and 0.08, respectively. These values represent a 2% variation in the ammonia N2 column vapor pressures. Thus, the ammonia LWIR signatures in Figures 6a and 6b do not vary significantly and are effectively equivalent. However, the LWIR methanol absorbance areas of the N2 column do vary. The methanol absorbances and vapor pressures in the N2 column increase monotonically from top to bottom. Figure 6b both the methanol absorbance spectra variation and nearly constant ammonia absorbance spectra. The varying intensity of the methanol P branch overlaps the ammonia v2 band near 965 cm1.
All the rows and columns in Tables 7 and 5 are examined by noting the interrelation between the integrated absorbance of one component against the solution vapor pressure of the second component (e.g., ammonia integrated absorbance component against methanol vapor pressure counter component). Figure 7 furnishes a plot of the integrated ammonia absorbance of Table 7 as a function of the methanol partial vapor pressure ofTable 5 (i.e., N0 -N4). The solid lines in Figure 7 are the least squares fit of the interrelated column data of Tables 7 and 5 (i.e. , N0 -N4). AM = defines the integrated absorbance intercept on the ordinate (i.e., methanol zero vapor pressure limit:M = 0) for the least squares line through each of the N0 -N4 data sets. The smallest data set in numerical value of Figure 7 is N0 with approximately zero integrated ammonia areas and associated slope value of O.146(1O). As expected AMo for N0 is also near zero (i.e., -0.009 0.006). The successive N1 -N4 data sets increase monotonically for integrated ammonia absorbance and AMO limit values. All the remaining slopes of the least squares lines (N1 -N4) in Figure 7 are small and each slope error encompasses zero. These nearly zero slopes indicate that there is no interdependence between ammonia integrated absorbances and methanol vapor pressures. Table 8 summarizes the fitted linear least squares results for the N0 -N4 data sets that are illustrated in Figure 7 . Spacing of integrated ammonia absorbance along the abscissa of Figure 7 (i.e., methanol vapor pressure) for each of the N0 -N4 data sets is consistent with the fact that elements of each row in Table 5 (i.e., M1 -M5) possess a nearly constant methanol vapor pressure. The placement of row and column labels from Tables 7 and 5 in Figure 7 serves to emphasize the interrelation between integrated absorbance of ammonia component and the vapor pressure of the methanol counter component. Column three of Table 8 lists the least squares computed AM = limit values. Table 9 lists the M1 ammonia vapor pressures (see Table 5 ) in column one, the AMO limit values in column two, the linear least squares fit in column three, and the residuals in column four. Figure 8 displays the least squares plot ofthe AMO limit values versus the M1 ammonia vapor pressures. Table 9 lists the slope of the least squares line in Figure 8 as 0.141 0.009 and intercept as 0.031 0.040. This derived slope from the ternary solutions of this study compares favorably with the slope computed in section 4.1 for the ammonia/water binary solutions of 0.1499 0.0086. These slopes differ by about 6% with the ternary solution slope being lower.
Similar to the examination of ternary solutions in the previous paragraph, the roles of integrated absorbance and vapor pressure dependence are interchanged (i.e., methanol integrated absorbance component against ammonia vapor pressure counter component). Figure 9 supplies a plot of the integrated methanol absorbance of Table 7 as a function of ammonia partial vapor pressure of Table 5 (i.e., M1 -M5). The solid lines in Figure 9 are the least squares fit of the interrelated column data of Tables 7 and  5 (i.e., M1 -M5). ANQ defines the integrated absorbance intercept on the ordinate (i.e., ammonia zero vapor pressure limit: N=O) for the least squares line through each of the M1 -M5 data sets. These data sets increase monotonically for integrated absorbance and ANQ limit values. All the slopes in Figure 9 are small and the slope error encompasses zero for all but the lowest slope (i.e., M1). The approximately zero slope values indicate that there is effectively no interdependence between the methanol integrated absorbance and ammonia vapor pressure. Table 10 summarizes the fitted least squares results for the M1 -M5 data sets that are displayed in Figure 9 . The ammonia vapor pressures of each column in Table 5 spacing of the integrated methanol absorbances along the abscissa of Figure 9 for each of the M1 -M5 data sets. The placement of row and column labels from Tables 7 and 5 on Figure 9 emphasizes the interrelationship between the integrated absorbance of the methanol component and the vapor pressure of the ammonia counter component.
Column three of Table I 0 lists the least squares computed ANOlimit values. Table I I lists the N0 methanol vapor pressures (see Table 5 ) in column one, the ANO limit values in column two, the least squares fit in column three, and the residuals in column four. Figure I 0 plots the ANQ limit values versus the N0 methanol vapor pressures along with the computed least squares line in column three of Table I I. The interpretation of Figure 1 0 differs from that of the previous Figure 8 . This difference arises from the fact that methanol/water binary measurements in this study (see Figures 2b and 9 ) are available for direct comparison to the computed ANQlimit values. The least squares line fit of Table I I possesses a YERROR of 0.46. This error encompasses four of the five integrated ammonia absorbances of the N0 column in Table 7 . A more inclusive comparison over the 4 to 20 Torr pressure range considers the slopes associated with the previous EVC measurements6, binary N0 measurements of this study, and computed ternary ANQ limit values of this study. Figure 2b plots the integrated methanol absorbance versus methanol vapor pressure for each data set. The solid squares in Figure 2b represent the previous EVC measurements. The solid circles in Figure 2b indicate the binary N0 measurements of this study. The open circles in Figure 2b indicate the computed ternary ANQ limit values in this study. The solid line of Figure 2b represents the least squares fit to the solid squares and circles. Table 12 presents the numerical results of the computed linear least squares fits for each individual and one combined (i.e., EVC and N0) data set. Table 12 contains the data set designator in column one, the least squares slope in column two, the least squares intercept in column three, and the least squares YERROR in column four. The slopes of the individual data sets (i.e., EVC, N0, and ANQ) exhibit overlapping errors with the slope values of the second and third data sets falling within the slope errors of all data sets. As expected, the fourth combined data set also falls within the slope errors of all data sets. The slope values all lie within a range of less than five percent. The intercept values and associated intercept errors all encompass zero. The YERROR values are comparable in magnitude with the EVC data set exhibiting the largest value and the combined data set showing the smallest value. These methanol results are only slightly better than the previous ammonia results. However, it is interesting to note that a comparison of the slopes of the least squares lines from Tables 6 and I I are 2.51 I 0.058 and 2.132 0.090, respectively. These slopes differ by about 15% with the EVC binary measurement slope being higher. Clearly, the slope value of 2.51 I 0.058 from Table 6 is about 12% higher than the slope value of 2.23 0.12 from Table 12 . Thus, the methanol pressure range impacts the final computed slope value. Examination of Figure 3a shows a maximum absorbance of less than 0.7 A.U. that is clearly within the Beer's law range. Therefore, it is unclear as to the source of this slope variation for the previous EVC binary data over differing methanol vapor pressure ranges.
These comparisons of the binary ammonia/water and methanol/water slopes to the ternary AM = and ANQ slopes, respectively, rely on the Wilson coefficients of Table 4 for computation of solute vapor pressures. If the W12 and W21 coefficients in Table 4 are set to one (i.e., an ideal interaction between methanol and ammonia), then the computed ternary slopes do not differ from those that are listed in Tables 9 and II . This demonstrates the assumption of ideal solution behavior for the methanol/ammonia interaction to be valid. In the previous ethanol/ammonia/water study, we assume ideal behavior due to lack of ethanol/ammonia binary VLE data.1 
Conclusions
This study documents using the equilibrium vapor cell method for the quantitative generation of methanol and ammonia vapor analytes both individually and as mixtures in aqueous solutions. Analyte absorbance determination for the target vapors focuses on the 2728-3112 cm1 band for methanol (MWIR) and the 862-900 cm1 bands for ammonia (LWIR). These IR regions avoid spectral overlap between these bands. These isolated bands permit use of univariant spectral analysis. The activity coefficients allow computation of vapor pressures associated with these isolated absorbance bands. The Wilson equation permits calculation of the activity coefficients for both methanol and ammonia in aqueous solution. Plotting absorbance versus vapor pressure permits an evaluation of the absorptivity for both the LWIR and MWIR spectral regions using a fixed path length optical cell.
Results for binary solution integrated absorbance (i.e., ammonia/water and methanol/water) compare favorably to the computed ternary solution integrated absorbance (i.e., methanol/ ammonia/water). The resultant slopes for binary and ternary integrated ammonia absorbance versus ammonia vapor pressure differ by about 6%. The computed ternary slope is lower than the binary slope. Similarly, the resultant slopes for binary and ternary integrated methanol absorbance versus methanol vapor pressure over the 4 to 20 Torr pressure range agree to within 5%. The ternary slope is again the lower value. However, comparison of the previous EVC binary data for two methanol pressure ranges yields a difference of 12%. Source ofthis 12% slope variation in the EVC data is not obvious and requires additional study.
For the methanol/ammonia system, limited VLE data exist. This binary VLE data permits a check on the importance of the Wilson coefficients for the methanol/ ammonia binary components in the methanol/ammonia/water ternary solution. Assuming the binary methanol/ammonia Wilson coefficients to be one (i.e., ideal) in comparison to either (1 .1 , 3.7) or (2.2, 2.9) of Table 3 does not change the integrated absorbance versus vapor pressure slope values. Thus, the ideal solution behavior assumption for the methanol/ammonia binary is valid for the methanol/ammonia/ water ternary system using the concentrations and temperatures of this study.
